The growth of the blue-green bacterium, Agmenellum quadruplicatum, is inhibited in the presence of L.phenylalanine. This species has a single, constitutively synthesized 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) 
respect to both substrate reactants. Other aromatic amino acids do not inhibit the activity of DAHP synthetase. A common expectation for branch-point enzymes such as DAHP synthetase is a balanced pattern of feedback control by all of the ultimate end products. It seemed likely that growth inhibition might equate with defective regulation within the branched aromatic pathway. Accordingly, the possibility was examined that mis-regulation of DAHP synthetase by L-phenylalanine in wild-type cells causes starvation for precursors of the other aromatic end products. However, the molecular basis for growth inhibition cannot be attributed to L-phenylalanine inhibition of DAHP synthetase for the following reasons: (i) DAHP synthetase enzymes from L-phenylalanine-resistant mutants are more, rather than less, sensitive to feedback inhibition by L-phenylalanine. (ii) Shikimate not only fails to antagonize inhibition, but is itself inhibitory. (iii) Neither the sensitivity nor the completeness of L-phenylalanine inhibition of the wild-type enzyme in vitro appears sufficient to account for the potent inhibition of growth in vivo by L-phenylalanine. The dominating effect of L-phenylalanine in the control of DAHP synthetase appears to reflect a mechanism that prevents rather than causes growth inhibition by L-phenylalanine. The alteration of the control of DAHP synthetase in mutants selected for resistance to growth inhibition by L-phenylalanine did indicate that the cause for this metabolite vulnerability can be localized within the aromatic amino acid pathway. Apparently, an aromatic intermediate (between shikimate and the end products) accumulates in the presence of L-phenylalanine, causing toxicity by some unknown mechanism. It is concluded that phenylpyruvate, potentially formed by transamination of L-phenylalanine, is an unlikely cause of growth inhibition. Although several significant questions remain unanswered, our results suggest that single-effector control of DAHP synthetase, the first regulatory enzyme activity of a branched pathway, may be more appropriate than it would seem a priori.
The inhibition of microbial growth by various organic metabolites is a common phenomenon, though diverse in its detail of expression for individual organisms. The frequency of occurrence of such toxicities in heterotrophic microorganisms is perhaps not fully appreciated (8) . The susceptibility of autotrophic bacteria to such metabolite toxicities, on the other hand, is particularly well known (19, 23) . We recently described the growth inhibition of Agmenellum quadruplicatum, a photoautotrophic species, by L-phenylalanine (8) . The growth inhibition, once established in the presence of L-phenylalanine, was immediately reversed by L-tyrosine.
Three alternatives were considered (8) that might account for the inhibitory effect of Lphenylalanine upon growth: (i) L-phenylalanine might prevent formation of precursors required for L-tyrosine biosynthesis through hyperinhibition of 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) synthetase. (ii) Accumulated phenylpyruvate, a heto acid produced by transamination of L-phenylalanine, might somehow cause inhibition of L-tyrosine biosynthesis. (iii) Accumulated phenylpyruvate might inhibit one or more reactions of a seemingly unrelated biochemical pathway. In case (iii) reversal of inhibition of L-tyrosine could be explained in terms of its competition with L-phenylalanine for transport into the cell.
The data reported in this communication permit the elimination of what initially appears to be the most feasible explanation, i.e., possibility (i) above. The data indicate that alternatives (ii) and (iii) are also unlikely. These results may have general applicability to a better appreciation of the nature of the singleeffector type of DAHP synthetase, known to be commonly distributed in nature (12, 14) .
MATERIALS AND METHODS
Organisms and cultivation. The origin and cultivation of the following strains were described previously (9, 24): A. quadruplicatum strain BG1, Anacystis nidulans (Kratz-Myers strain), and Coccochloris elabens strain 17A. Oscillatoria williamsii strain Mev (filamentous, marine) and Schizothrix calcicola strain Man (filamentous, marine) were originally described by Van Baalen (26) . Growth media (liquid and solid), methods of cultivation, and procedures for measurement of growth were given previously for strain BG1 of A. quadruplicatum (9) ; other species of blue-green bacteria were handled in the same manner unless otherwise specified.
Isolation of mutants in A. quadruplicatum. Approximately 108 cells taken from a liquid culture of A. quadruplicatum growing exponentially in mineral salts medium at 39 C were spread on solid ASP2 mineral salts medium supplemented with 0.2 mM L-phenylalanine. A photograph illustrating the physical appearance of spontaneous mutants arising after 5 or more days of incubation was published previously (8) . None of the resistant clones was ever observed to excrete metabolites that either reversed or accentuated the inhibition of surrounding cells. Similar results were obtained when 0.2 mM ,-2-thienylalanine or 4-fluorophenylalanine were used in place of L-phenylalanine. Resistant mutants selected in the presence of L-phenylalanine, ,8-2-thienylalanine, or 4-fluorophenylalanine were cloned and purified under the same conditions used for the initial selection (8) . The mutants, when first selected, exhibited apparent differences in colony size and/or differences in relative resistance to L-phenylalanine and analogues of Lphenylalanine. Over 100 mutants representing six tentative classes were purified, and the 27 mutants listed in Table 3 were chosen for enzymological analysis. The tentative classifications of mutants were discarded when it was found that no obvious correlations of particular enzymological changes could be made with variations of resistance phenotype.
Extract preparation. Cell pellets obtained by centrifugation of cultures in the exponential phase of growth were stored at -20 C (up to 6 months) prior to extract preparation. The whole cells were resuspended in 4 ml of 0.04 M potassium phosphate buffer, pH 6.8, at 4 C. Cell clumps were dispersed with a 30-s pulse of ultrasound energy at ice temperature using a Bronwill sonifier. Cells were treated with lysozyme (5 mg/ml) for 30 min at 37 C. The preparation was chilled over ice to 4 C and sonically treated for an additional minute in order to disrupt lysozyme-weakened cells and to decrease deoxyribonucleate viscosity. The volume was increased to 6 ml with buffer, and the preparation was centrifuged for 2 h at 35,000 rpm in a type 65 fixed-angle rotor of a Beckman preparative ultracentrifuge. About 4 ml of clear extract was decanted. The extract was dialyzed overnight at 4 C against 1,000 volumes of buffer.
Biochemicals. All L-amino acids, keto acids, ,-2-thienylalanine, 4-fluorophenylalanine, the potassium salt of erythrose 4-phosphate, trisodium phosphoenolpyruvate, and Sephadex G-200 were obtained from Sigma Chemical Co. Lysozyme (3x crystallized) was obtained from Worthington Biochemical Corp. Molecular weight standards for Sephadex G-200 gel chromatography were from Mann Research Laboratories. Other chemicals were of analytical grade.
Analytical procedures. Protein concentrations were estimated by the method of Lowry et al. (21) . The procedure for the assay of DAHP synthetase activity has been described previously (13) . Unless indicated otherwise, both substrates were used at 2 mM concentrations, and the reaction time was 20 min at 37 C.
Prephenate/phenylpyruvate transaminase (24) was assayed for 20 min at 45 C utilizing L-leucine as the amino donor and phenylpyruvate as the keto acceptor. A decrease in absorbance of phenylpyruvate at 320 nm was measured. The reaction mixture contained 0.05 ml of 10 mM phenylpyruvate and 0.05 ml of 40 mM L-leucine (prepared in 0.05 M tris(hydroxymethyl)aminomethane buffer, pH 8.8). The addition of pyridoxal 5'-phosphate was unnecessary. Presumably this cofactor is firmly bound to the enzyme. The reaction was initiated by the addition of 0.1 ml of enzyme preparation and terminated by the addition of 3 ml of 2.67 N NaOH.
The assay for prephenate dehydratase (24) was carried out for 30 min at 37 C. The formation of the phenylpyruvate product was measured as increasing absorbance at 320 nm. The reaction mixture contained 0.10 ml of 10 mM potassium prephenate and 0.05 ml of 0.05 M tris(hydroxymethyl)aminomethane buffer at pH 8.8. The reaction was initiated by addition of 0.15 ml of enzyme preparation and terminated with 0.9 ml of 2.67 N NaOH.
The assay for chorismate mutase (24) was carried out for 20 min at 37 C. The prephenate product, converted to phenylpyruvate by acid treatment, was measured by reading absorbance at 320 nm. The reaction mixture contained 0.10 ml of 4 mM chorismate and 0.20 ml of 0.05 M tris(hydroxymethyl)-aminomethane buffer, pH 7.8. The reaction was initiated by addition of 0.10 ml of enzyme preparation and terminated with 0.10 ml of 20% trichloroacetic acid. Incubation was continued for 10 min at 37 C, and the mixture was diluted fourfold in 2.67 N NaOH prior to spectrophotometric measurement.
RESULTS
Single-effector pattern of regulation in blue-green bacteria. Comparative enzymology (12, 14) has showr that the single-effector type of DAHP synthetase is of surprisingly frequent occurrence in microorganisms. (Occasionally, an apparent single-effector pattern may prove to involve multiple effectors 110].) The singleeffector pattern may be common in the bluegreen group of bacteria (Table 1; 27) . The DAHP synthetase activities of A. quadruplicatum, C. elabens, and 0. williamsii (Table  1) were inhibited by L-phenylalanine but not by L-tyrosine. On the other hand, the enzyme of A. nidulans was inhibited by L-tyrosine but only little, if any, by L-phenylalanine. The enzyme of S. calcicola was inhibited by either L-tyrosine or L-phenylalanine, a circumstance that could reflect either multiple-effector binding sites on a single protein or the presence of regulatory isoenzymes. A priori, the control of a commonpathway enzyme, such as DAHP synthetase, by a single end product of the branched pathway seemingly violates ordinary rules of regulation, creating the potentiality for growth inhibition. Hence, one obvious hypothesis to account for growth inhibition in A. quadruplicatum by L-phenylalanine (8) would be the apparent regulatory deficiency of a DAHP synthetase under the sole control of L-phenylalanine (Table   1) .
L-Phenylalanine-sensitive DAHP synthe- b Percent inhibition was calculated by equating the specific activity of the control reaction to 100% activity (i.e., 0% inhibition). L-Phenylalanine (Phe), L-tyrosine (Tyr), and a rrixture of the three aromatic amino acids (Aro) were used at final concentrations of 0.5 mM. L-Tryptophan was also tested as an inhibitor and was found (data not shown) not to inhibit any of the DAHP synthetases assayed. tase of A. quadruplicatum. The enzymological characteristics of DAHP synthetase in A. quadruplicatum were studied further. Figure 1 shows the inhibition profile obtained for the enzyme; the inhibition curve exhibits uncomplicated kinetics (also see Fig. 3 and 4) . A relatively high concentration of L-phenylalanine (0.2 mM) was required to obtain 50% inhibition of activity, and maximal inhibition was about 70%. It is not unusual in DAHP synthetase systems of isoenzymes that one isoenzyme is largely derepressed while another is maximally repressed (11 either the specific activity of DAHP synthetase or its sensitivity to inhibition by L-phenylalanine (Table 2) .
Partial purification leading to the recovery of a single species of DAHP synthetase, under conditions of no appreciable loss of the original activity present in crude extracts, also supports the presence of a single L-phenylalanine-sensitive DAHP synthetase in A. quadruplicatum. Figure 2 illustrates the elution of enzyme activity as a single, sharply defined band after gel filtration. DAHP synthetase was not co-eluted with other key enzymes of aromatic biosynthesis (Fig. 2) . Additionally, it is known that pretyrosine dehydrogenase (MI 64,000), a newly found enzyme of L-tyrosine biosynthesis (15), is not co-eluted with DAHP synthetase.
Enzymological analyses of inhibition-resistant mutants. Mutants were selected for a phenotype of resistance to L-phenylalanine or to L-phenylalanine analogues during growth (see Materials and Methods). If inhibition of DAHP synthetase by L-phenylalanine were, in fact, the molecular basis for growth inhibition, then at least some mutants would be expected to have a feedback-resistant (or at least a less-sensitive) DAHP synthetase. DAHP synthetase was indeed altered in many of the mutants. However, in direct opposition to our expectations ( Elution of DAHP synthetase from a gel-filtration column. A 3-ml volume of extract (70 mg) was applied to a Sephadex G-200 column (2.5 by 100 cm) that was equilibrated at 4 C with 0.04 M potassium phosphate buffer, pH 6.8. The flow rate was about 15 ml/h, and eluate fractions of 2.5-ml volume were collected at 4 C. The column was calibrated by the method of Andrews (1) using chymotrypsinogen, ovalbumin, bovine serum albumin, and gamma globulin as molecular weight standards. Molecular weight estimates lor the enzymes as denoted from left to right are 130,000, 120,000, 60,000, and 33,000. A relative activity of 1.0 on the ordinate scale corresponds to absorbancy increments of 0.050, 0.033, 0.033, and 0.050 per min at wavelengths of 320, 549, 320, and 320 nm for the enzymes, as shown from left to right, respectively. of these enzymes). Mutants such as strains P3, P9, and P12 (Table 3) , which exhibit no enzymological differences that we could detect compared with wild type, very likely are transport mutants. The increase in sensitivity to inhibition by L-phenylalanine found in many mutants was usually accompanied by an increased sensitivity to L-tyrosine and occasionally to L-tryptophan. The inhibition of activity in the simultaneous presence of all three aromatic amino acids was not significantly greater than inhibition in the presence of L-phenylalanine alone. The limited inhibition by L-tyrosine and L-tryptophan probably occurs through weak binding at the L-phenylalanine binding site of DAHP synthetase.
The kinetic mechanism of inhibition was examined in crude extracts from wild type, and these data were compared with similar analyses of the enzyme from mutant P11. The kinetic results are shown in graphical form as double reciprocal plots (Fig. 3 and 4) . In both wild-type BG1 and mutant P11, inhibition by Lphenylalanine is noncompetitive with respect to both the phosphoenolpyruvate and erythrose 4-phosphate substrates. The molecular basis for (15, 24) , in sufficient amounts for use in growth experiments.
The most effective antagonists of the growth inhibition produced by L-phenylalanine were found to be L-tyrosine, L-alanine, L-leucine, L-methionine, L-tryptophan, and L-isoleucine (8) . The glutamate, or L-histidine at 0.5 mM; L-tryptophan at 0.1 mM) were without effect upon enzyme activity, whether tested in the presence (at 0.2 mM) or absence of L-phenylalanine.
Phenylpyruvate effects. Phenylpyruvate, though less potent than L-phenylalanine, also caused growth inhibition in A. quadruplicatum (8) . This very likely is the result of the intracellular transamination of phenylpyruvate to Lphenylalanine. However, the possibility that phenylpyruvate might be the actual intracellular inhibitor of growth by virtue of interference with the metabolism of some other keto acid was considered. Such interference could lead to partial starvation for a given keto acid or to excess levels of the keto acid, in which case the presence of the keto acid would reverse Lphenylalanine inhibition of growth or sensitize cells to inhibition, respectively. Various keto acids were examined for ability to either antagonize or sensitize cells to L-phenylalanine inhibition on solid medium. One-milligram amounts of crystalline a-ketoglutarate, oxalacetate, pyruvate, and glyoxylate were placed in the center of agar plates containing L-phenylalanine and seeded with an initial population of about 108 cells of A. quadruplicatum. After incubation for 5 days at 39 C, most of these compounds were found to be inhibitory per se at high concentrations (as verified on media lacking L-phenylalanine), but none of the keto acids altered the degree of L-phenylalanine inhibition throughout the range of keto acid concentration provided by the diffusion gradient. Various other organic compounds also did not influence the degree of growth inhibition caused by L-phenylalanine; these included glucose, citrate, and glycerol.
DISCUSSION
Hypothesis of the mis-regulated DAHP synthetase can be eliminated. The most obvious explanation to account for growth inhibition of A. quadruplicatum in the presence of Lphenylalanine is that hyperinhibition of DAHP synthetase by L-phenylalanine leads to L-tyrosine and/or L-tryptophan starvation. The ability of L-tyrosine, when present in the growth medium, to antagonize L-phenylalanine-mediated inhibition of growth (8) is consistent with this hypothesis. However, the finding that Lphenylalanine-resistant mutants exhibit increased sensitivity of DAHP synthetase to Lphenylalanine inhibition implies that the control of DAHP synthetase by L-phenylalanine not only does not explain sensitivity of growth to L-phenylalanine, but actually seems to provide a regulatory basis for resistance to growth inhibition.
Numerous other metabolite sensitivities are known (4, 19, 28, 29) that are analogous in that a branch-point enzyme is regulated by a metabolite which also causes inhibition of growth. In view of our results with A. quadruplicatum, it is possible that the interpretation of mis-regulation of a branch-point enzyme, advanced in these other systems as an explanation for growth inhibition, is incorrect.
A pretyrosine (an amino acid). These compounds might accumulate when L-phenylalanine is supplied to wild type, owing to the blocking of prephenate flow into the L-phenylalanine branch of the pathway (i.e., feedback inhibition of prephenate dehydratase by L-phenylalanine).
Relationship of metabolite toxicity and its regulation of a common-pathway enzyme. The inhibition of growth by amino acid metabolites is of frequent occurrence. Qualitatively, the phenomenon of toxicity of L-phenylalanine for species of Thiobacillus (16-18, 22, 23 ) is similar to our observations made in A.
quadruplicatum. An entirely analogous circumstance of single-effector regulation of a common enzyme within a branched pathway and threonine inhibition of growth was described in Methylococcus capsulatus (5, 7) . If one assumes that hyperregulation of a common enzyme step within a branched pathway accounts for growth inhibition, then one class of resistant mutants ought to possess feedback-resistant enzymes. It may be significant that such mutants were not obtained in T. neapolitanus and M. capsulatus, reminiscent of our findings with A. quadruplicatum. In T. neapolitanus the mechanism of resistance proposed for one mutant having an altered DAHP synthetase (but not feedback resistant) requires difficult assumptions about endogenous pools (18) . Only permease mutants were found in M. capsulatus (6) .
Even where a set of regulatory isoenzymes exists, a "dominant isoenzyme" (11) frequently makes up the major fraction of enzyme formed in wild types A general possibility is that the dominant role of an amino acid end product as an effector molecule for a common enzyme of a branched pathway may reflect a control that in nature prevents the endogenously formed amino acid from inhibiting growth (by whatever mechanism of inhibition is involved). According to this interpretation, the single-effector type of DAHP synthetase is not the defective regulatory device that initially seems to be the case. Since the wild-type cells are sensitive, rather than resistant, to inhibition by L-phenylalanine, it seems likely that conditions favoring the selection of resistant mutants have not occurred in nature. Thus, the nutritional environment may seldom, if ever, possess sufficient Lphenylalanine to inhibit growth; or perhaps inhibitory concentrations of L-phenylalanine usually occur in the presence of antagonistic amino acids. The same considerations can be made for the well-known valine sensitivity of Escherichia coli K-12, a wild-type strain (20, 25) .
